Introduction
Recent studies identified somatic mutations of the DNA methyltransferase gene DNMT3A in ;20% of patients with acute myeloid leukemia (AML) [1] [2] [3] and, with lower frequencies, in other hematological malignancies. [4] [5] [6] [7] DNMT3A functions cooperatively with its homolog DNMT3B to initiate de novo DNA methylation, whereas DNMT1 maintains DNA methylation patterns. 8 Although multiple DNMT3A mutations have been identified in AML, the majority (;60%) affect a single amino acid in the catalytic domain, resulting in substitution of Arg882 (R882) with histidine (most common) or other residues. [1] [2] [3] 9 R882-mutant proteins have decreased methyltransferase activity in vitro, 2, 3, 10 which led to the notion that these are primarily loss-of-function mutations. However, almost all reported DNMT3A R882 mutations in AML are heterozygous, and both the wild-type (WT) and mutant alleles are expressed, raising the possibility of gainof-function or dominant-negative effects. Indeed, heterozygous deletion of Dnmt3a in mice results in no apparent phenotype, although homozygous Dnmt3a-mutant mice die at ;4 weeks of age (cause of lethality unknown). 11 Ablation of Dnmt3a in hematopoietic stem cells (HSCs) results in progressive impairment of HSC differentiation and expansion of the HSC pool, but the animals were not reported to develop leukemia. 12 In this study, we investigated the effects of DNMT3A R882 mutations in cells using mouse Dnmt3a-mutant proteins. We showed that the mutant proteins are capable of interacting with WT Dnmt3a and Dnmt3b and, when ectopically expressed in murine embryonic stem (ES) cells, induce hypomethylation, suggesting dominantnegative effects.
Study design Plasmids
Plasmid vectors and oligonucleotides used to generate them are listed in supplemental Tables 1 and 2 , respectively, on the Blood Web site.
Transfection, immunoprecipitation, and immunoblotting
Dnmt-mutant ES cells 11 were used to generate stable clones. 13 COS-7 cells were used for coimmunoprecipitation experiments. Transfection was performed using lipofectamine (Invitrogen). Immunoprecipitation and immunoblotting were performed using standard protocols. Antibodies used are listed in supplemental Table 3 .
DNA methylation analysis
Methylation of the major satellite repeats (MSRs) and the intracisternal A-particle (IAP) retrotransposon was analyzed by methylation-sensitive restriction digestions and Southern hybridization. 13 Methylation of MSRs was quantified by bisulfite sequencing. The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734.
Results and discussion
Human DNMT3A and mouse Dnmt3a show high sequence identity (.96% overall, 100% in catalytic domain), and human R882 corresponds to murine R878 (supplemental Figure 1) . Mutation of this residue impairs Dnmt3a methyltransferase activity in vitro. 2, 3, 10 To confirm the effect in vivo, we performed a remethylation assay in [Dnmt3a,Dnmt3b] double knockout (7aabb) ES cells. These cells, after continuous culture for ;5 months (;80 passages), show substantial depletion of DNA methylation, which can be differentially remethylated by transfected Dnmt3 isoforms. 13 Myc-tagged WT Dnmt3a/Dnmt3a2 or mutant proteins with R878 substituted with histidine (R878H), cysteine (R878C), or serine (R878S) were stably expressed in 7aabb cells. The expression of Myc-Dnmt3a/Dnmt3a2 was verified by immunoblotting ( Figure 1A ). Genomic DNA was isolated, and methylation of 2 repetitive elements, MSRs and IAP, was analyzed by methylation-sensitive restriction digestions and Southern blot ( Figure 1A ; supplemental Figure 2A ). The relative methylation levels (methylation scores) were determined by densitometry (supplemental Figure 3) . Methylation of MSRs in representative samples was also quantified by bisulfite sequencing (supplemental Figure 4) . Both MSRs and IAP were severely hypomethylated in 7aabb cells compared with WT (J1) ES cells, and expression of WT Dnmt3a/Dnmt3a2 largely restored methylation, as reported previously. 13 In contrast, the ability of R878 mutants to restore methylation was severely impaired ( Figure 1A ; supplemental Figures 2A and 4B ).
Dnmt3a interacts with itself, Dnmt3b, and Dnmt3L (a Dnmt3-like protein with no catalytic activity) to form homo-and heterooligomers. [14] [15] [16] [17] [18] [19] [20] Structural studies revealed that the Dnmt3a C-terminal domain provides 2 interfaces for protein-protein interactions: a hydrophilic interface that mediates Dnmt3a-3a contact and a hydrophobic interface that mediates Dnmt3a-3a, 3a-3L, and perhaps 3a-3b contacts. 17 Notably, R878 is located within the hydrophilic selfinteraction interface (supplemental Figure 1) . 17 To determine whether the R878 mutations affect Dnmt3a self-interaction, we transiently transfected Flag-Dnmt3a2 and Myc-Dnmt3a2 or Myc-Dnmt3a2:R878 mutants in COS-7 cells and performed coimmunoprecipitation assays. As shown in Figure 1B , none of the mutations disrupted Dnmt3a2 selfinteraction. Even under stringent conditions (high salt concentrations or 0.1% sodium dodecyl sulfate), the Dnmt3a2-3a2 and Dnmt3a2-R878H interactions showed no apparent difference (supplemental Figure 5A ). Indeed, Dnmt3a2:R878H was able to interact with itself (supplemental Figure 5B) . Pull-down experiments using recombinant proteins produced in Escherichia coli confirmed that Dnmt3a2:R878H directly interacts with WT Dnmt3a2 (supplemental Figure 5C ). These results were consistent with previous reports that mutations within the hydrophilic interface, including R878H (human R882H), disrupt Dnmt3a tetramerization, but not dimerization (mediated by the hydrophobic interface). 19, 21 Coimmunoprecipitation experiments also revealed that Dnmt3a2:R878H was able to interact with Dnmt3b1/3b2 and Dnmt3L ( Figure 1C ; supplemental Figure 6 ).
We then asked whether R878H mutant proteins would interfere with WT Dnmt3a and Dnmt3b activities. To this end, we stably expressed in 7aabb cells Myc-tagged Dnmt3a/Dnmt3b isoforms and Flag-tagged Dnmt3a:R878H, Dnmt3a2:R878H, or green fluorescent protein (GFP; control) simultaneously from a single plasmid by using the "self-cleaving" P2A peptide. 22 The levels of the Myc-and Flag-tagged proteins were determined by immunoblotting, and R878H and GFP clones with similar levels of WT Dnmt3a or Dnmt3b isoforms were used for DNA methylation analysis (Figure 2A ; supplemental Figure 7A-B) . As expected, expression of Dnmt3a/Dnmt3b isoforms (along with GFP) resulted in substantial restoration of DNA methylation in 7aabb cells. Dnmt3b was less efficient than Dnmt3a in methylating MSRs (Figure 2A ; supplemental Figures 4C and 7A-B) , whereas Dnmt3a and Dnmt3b were equally efficient in methylating IAP (supplemental Figure 2B) , as previously reported. 13 Notably, Densitometry was used to determine the relative methylation levels (methylation scores), as described in supplemental Figure 3 , and bisulfite sequencing was used to quantify methylation levels in representative samples (supplemental Figure 4 ). NT, not tested. Figure 7C ). It has been debated whether DNMT3A mutations contribute to leukemogenesis due to haploinsufficiency or gain-of-function/dominantnegative effects or both. Our finding that the R878H-mutatant protein antagonizes WT Dnmt3a and Dnmt3b in murine ES cells provides experimental data supporting dominant-negative effects. The mechanism by which the mutant protein exerts its inhibitory effect remains to be elucidated. One possibility is that the mutant protein, capable of dimerizing but not tetramerizing, 21 interacts with WT Dnmt3a and Dnmt3b to form functionally deficient complexes. Oligomerization of Dnmt3a has been shown to be necessary for processive methylation, proper DNA binding, and heterochromatic localization. [19] [20] [21] It is worth noting that methylation changes in repetitive sequences in murine ES cells served as our readout for Dnmt functions, which may not necessarily reflect the consequences of the R882 mutations on methylation of specific loci in human AML cells. Furthermore, differences between DNA methylation complexes in ES and hematopoietic cells, such as expression of Dnmt3L (absent in hematopoietic cells), may affect mutant-Dnmt3a activities. Nevertheless, the striking effects of the mutant protein on DNA methylation in murine ES cells suggest that dominant-negative effects very likely contribute to methylation alterations in AML. Southern blot for methylation of MSRs. Densitometry was used to determine the relative methylation levels (methylation scores), as described in supplemental Figure 3 , and bisulfite sequencing was used to quantify methylation levels of representative samples (supplemental Figure 4 ). NT, not tested. To avoid the effect of culturing time on DNA methylation, stable clones expressing the control and R878H proteins were generated from same batches of parental cells and were cultured for the same periods of time (in most cases, 7-10 days for generating stable clones and 7-10 days for expansion) before genomic DNA was isolated. For personal use only. on April 10, 2017. by guest www.bloodjournal.org From
